Chemoenzymatic synthesis of N-acetyl-D-neuraminic acid from N-acetyl-D-glucosamine using the spore surface-displayed N-acetyl-D-neuraminic acid aldolase at a high concentration (53.9 g liter ؊1 ) was achieved in this study. Thus, displaying a target enzyme on the surface of spores might be an alternative for integration of biocatalytic conversion into chemical synthesis.
Biocatalysis is being used increasingly in pharmaceutical and agrochemical industries (15, 16) . However, a biocatalytic reaction is usually only one step of a chemical synthesis process. Integration of a biocatalytic reaction with its upstream or downstream chemical reactions would potentially result in a one-pot synthesis process and reduce operation costs (5) . The enzymes playing roles in biocatalytic reactions are usually inactivated in chemical reaction conditions. Thus, modification and immobilization of the enzymes have been used for the improvement of their tolerance to the chemical reaction conditions (5) .
Spore surface display, a powerful technique that can effectively display the bioactive molecules on the surface of spores, has been recognized as a suitable alternative for biotechnological processes in recent years (3, 6-8, 14, 17) . Due to the natural robustness of spores in a harsh environment, spore surface-displayed enzymes also have greater stability in some chemical reaction conditions (13) . Compared with the enzyme modification and immobilization processes, which are often complicated and laborious, spore surface display might be a feasible method for the integration between some biocatalytic and chemical reactions. This study will show an example of integrating biocatalytic and chemical reactions for chemoenzymatic synthesis of N-acetyl-D-neuraminic acid (Neu5Ac) using a surface-displayed enzyme.
Neu5Ac has attracted researchers' attention because of its versatile biological functions and applications in medicinal prospects (19, 21) . It is traditionally prepared by extraction from natural sources such as colominic acid, egg yolk, and milk (21) . In the past decades, N-acetyl-D-glucosamine (GlcNAc) has emerged as the most important raw material for large-scale production of Neu5Ac (19) .
There are two steps in the synthesis of Neu5Ac from GlcNAc. The first step is the alkali-or GlcNAc 2-epimerase (EC 5.3.1.8)-catalyzed epimerization of GlcNAc to N-acetyl-D-mannosamine (ManNAc), and the second is the enzymatically catalyzed production of Neu5Ac from ManNAc (1, 2, 11, 12) . Although the two-step enzymatic approach utilizing the GlcNAc 2-epimerase and Neu5Ac aldolase (EC 4.1.3.3) is the most studied method for Neu5Ac production on an industrial scale (Fig. 1a) , integration between the alkaline epimerization of GlcNAc to ManNAc and the Neu5Ac aldolase-catalyzed biotransformation is also desirable (Fig.  1b) . However, due to the instability of Neu5Ac aldolase under alkaline conditions, the integrated reaction proceeded with the inactivation of Neu5Ac aldolase and resulted in a low concentration of Neu5Ac (1, 2).
In our previous report, a genetic fusion of cotG (encoding the outer spore coat protein CotG) from Bacillus subtilis 168 and nanA (encoding the Neu5Ac aldolase) from Escherichia coli K-12 was constructed and ligated to the high-copynumber E. coli-B. subtilis shuttle vector pEB03 (22) . The B. subtilis strain WB600 with plasmid pEB03-cotG-nanA could effectively display Neu5Ac aldolase on its external surface. Neu5Ac aldolase, presented on the surface of B. subtilis WB600 spores, was used for the production of Neu5Ac from ManNAc and pyruvate (22) . For the integration of basecatalyzed epimerization of GlcNAc to ManNAc and Neu5Ac aldolase-catalyzed condensation of pyruvate with ManNAc to yield Neu5Ac, spore surface-displayed Neu5Ac aldolase should be stable under alkaline conditions. Thus, the pH stability of spore surface-displayed Neu5Ac aldolase was first studied.
Spores of B. subtilis WB600(pEB03-cotG-nanA) were prepared as described previously (22) . Purified spores displaying Neu5Ac aldolase at a level of 2 U/ml were incubated in distilled water with different pH values. After 24 h of incubation at 50°C, the remaining Neu5Ac aldolase activities were deter-mined at pH 7.4 as described previously (22) . The results showed that the spore-displayed Neu5Ac aldolase was stable at pH values below 10.5 (Fig. 2a) . On the other hand, the effect of pH on the activity of spore-displayed Neu5Ac aldolase was also studied in the 67 mM phosphate buffer with different pH values. The enzyme exhibited 60% of maximum activity at pH 10.0. However, a severe drop in activity was noted at pH values in excess of 10.5 (Fig. 2b) . Those results provided a boundary for the biotransformation conditions integrated with alkaline epimerization.
For the initial trial of direct synthesis of Neu5Ac from GlcNAc using spore-displayed Neu5Ac aldolase as the catalyst, 20 ml of 1 M GlcNAc and 0.2 M pyruvate was incubated with 2 U/ml spore-displayed Neu5Ac aldolase for 24 h (pH 10) at 50°C. Nisin, a 34-amino-acid peptide produced by Lactococcus lactis subsp. lactis, was added at a concentration of 0.01% to inhibit the germination of Bacillus spores (4, 22) . With spore-displayed Neu5Ac aldolase, up to 65.4 mM (20.2 g liter Ϫ1 ) Neu5Ac was synthesized. In comparison, without the addition of spore-displayed Neu5Ac aldolase, no Neu5Ac was produced under identical conditions (Fig. 3) .
Because of the degradation of pyruvate under alkaline conditions, 1 M pyruvate was added to the above-described biocatalysis system to increase the Neu5Ac production. As shown in Fig. 4 (11) . Besides the preparation of the two biocatalysts, this process also needed an adjustment of the ratio between the two biocatalysts (11) . Using the immobilized GlcNAc 2-epimerase (2.4 U/ml) and Neu5Ac aldolase (7.2 U/ml) as the catalyst, 41.6 g liter Neu5Ac was produced after 80 h of biotransformation (20) . In this process, 10 mM ATP should be added in the reaction mixture to activate the GlcNAc 2-epimerase-catalyzed epimerization reaction. The requirement of expensive ATP in this catalysis system might increase the production cost. The integration between the alkaline epimerization of GlcNAc to ManNAc and the spore surface-displayed Neu5Ac aldolasecatalyzed biotransformation is also desirable. As shown in Table  1 , this process exhibited a much higher concentration (53.9 g liter Ϫ1 ) and productivity (4.9 g liter Ϫ1 h
Ϫ1
) of Neu5Ac than most of the other processes. Chemoenzymatic synthesis of Neu5Ac from GlcNAc could also be conducted by the free NeuAc aldolase (1, 2). Because of the instability of free Neu5Ac aldolase under alkaline conditions, although a higher concentration of the Neu5Ac aldolase (32.3 U/ml) was used, the process exhibited a much lower concentration (37.6 mM) and productivity (0.16 g liter Ϫ1 h
) of Neu5Ac than the process using spore surfacedisplayed Neu5Ac aldolase (2) .
The reusability of a biocatalyst is one of the most important factors to be considered in its industrial application. Spores have the characteristic of easy purification by centrifugation or filtration, and therefore the recycling of the spore surfacedisplayed Neu5Ac aldolase was investigated. After the conversion, the spores were collected, washed, and then immediately used for the next cycle. About 149 mM Neu5Ac was produced at the third run in a 24-h reaction (see Fig. S1 in the supplemental material). This finding has importance for the possible commercial manufacture of Neu5Ac by the chemoenzymatic process.
Besides Neu5Ac production from GlcNAc, production of many other chemicals, especially some mannosamine derivatives, also involved an alkaline epimerization and an enzymecatalyzed biotransformation process (9) . Displaying Neu5Ac aldolase on the surface of the spores provided a pH-stable biocatalyst for chemoenzymatic synthesis of Neu5Ac, and this should open up the possibilities for constructing other pHstable biocatalysts with different enzymes. Other than the pH stability, the thermostability and tolerance to organic solvents of some spore-displayed enzymes have also been reported (10, 
